In this study we established the usefulness of DNA fingerprinting for the epidemiology of tuberculosis on the basis of the DNA polymorphism generated by the insertion sequence (IS) IS986. Although clinical isolates of Mycobacterium tuberculosis displayed a remarkably high degree of restriction fragment length polymorphism, we showed that transposition of this IS element is an extremely rare event in M. tuberculosis complex strains grown either in vitro or in vivo for long periods of time. The M. tuberculosis and Mycobacterium africanum strains tested in this study contained 6 to 17 IS copies. In the Mycobacterium bovis strains, the copy numbers ranged between 1 and 5, and all 27 M. bovis BCG strains investigated invariably contained a single IS copy. This copy was located at a unique chromosomal position, reinforcing the idea that the frequency of IS transposition is very low in M. tuberculosis complex strains. Various microepidemics are described in which each microepidemic corresponds to a particular fingerprint type. The extent of similarity between Dutch and African strains was quantitatively assessed by computer-assisted analysis of DNA fingerprints. The results indicate that M. tuberculosis strains from regions in central Africa, where tuberculosis is highly prevalent, are generally more related to each other than isolates from the Netherlands, where the transmission rate is low and where the majority of the tuberculosis cases are presumed to be the result of reactivation of previously contracted M. tuberculosis infections.
Typing of Mycobacterium tuberculosis strains is of great potential value for basic and epidemiological studies of tuberculosis. Until recently, phage typing was the only available method to differentiate M. tuberculosis isolates. This method, however, is of limited practical value because it is time-consuming and cumbersome and relatively few different phage types can be distinguished (4) . We recently developed a technique that allows easy and rapid differentiation of M. tuberculosis strains (11) . This method is based on DNA polymorphism among M. tuberculosis complex strains, caused by particular insertion sequence (IS) elements which are not present in other mycobacterial species (11, 21) . Because these IS elements are present in different copy numbers and are integrated at various chromosomal sites, restriction fragments carrying the IS elements are highly polymorphic. Virtually all epidemiologically unrelated M. tuberculosis strains investigated in previous studies showed a different DNA fingerprint when IS DNA was used as a probe (11) . Usually many copies of the IS element were found in M. tuberculosis, whereas only a single copy was found in Mycobacterium bovis BCG (2, 10, 11) .
The DNA sequences of two IS elements from different M. tuberculosis strains have been determined, and both elements, IS6110 and IS986, were found to be virtually identical (13, 19) . Sequence comparison showed that these IS elements are related to members of the enterobacterial IS3 family (13) .
As transposable elements have the potential to translocate * Corresponding author.
within the chromosome, one might raise the question of whether such genetically unstable elements can be used effectively for typing and epidemiology. This study was done to evaluate the usefulness of IS986 DNA in the epidemiology of tuberculosis. We determined the IS copy number and the restriction fragment length polymorphism (RFLP) of a large number of M. tuberculosis complex strains. Furthermore, the stability of IS986 was studied during repeated in vitro passages and during human infection. We present examples of the use of RFLP typing for detecting outbreaks and for tracing common sources of infection in different individuals. When large numbers of mycobacterial strains are to be typed for epidemiological purposes, it is necessary to make use of computer-assisted methods for analysis of the complex banding patterns. Recently, a computer program was developed for storage of patterns, calculation of similarity values between patterns of different strains based on molecular weights and band intensities, and generation of dendrograms to allow the grouping of Candida albicans strains according to pattern similarity (16) . In the present study, we applied this computer-assisted method to analyze M. tuberculosis strains from Dutch patients and strains isolated in central Africa. The data obtained suggest that particular families of related strains circulate in central Africa and that these strains can be distinguished from Dutch strains. Fig. 1 ) (10) . pRP5000 contains the IS element IS986 from M. tuberculosis cloned into pAT153 (13) . Bacterial growth and chromosomal DNA isolation. Mycobacterial strains were grown in 5 ml of Tween albumin medium for 7 days to an optical density at 600 nm of 0.8 and harvested by centrifugation (9) . Chromosomal DNA was isolated as described by Ausubel et al. (1) . In short, 1.5 ml of the concentrated culture was heated at 80°C for 20 min to kill the cells. After centrifugation, the cells were resuspended in 500 ,ul of TE buffer (0.01 M Tris-HCl, 0.001 M EDTA [pH 8.0]). Lysozyme was added to a final concentration of 1 mg/ml, and the tube was incubated for i h at 37°C. Seventy microliters of 10% sodium dodecyl sulfate (SDS) and 6 pil of proteinase K (at a 10-mg/ml concentration) were added, and the mixture was incubated for 10 min at 65°C. An 80-pul volume of N-cetyl-N,N,N-trimethyl ammonium bromide was added. The cups were vortexed briefly and incubated for 10 Southern blot analysis. Southern blot hybridization was performed as described previously (11) . Unless otherwise stated, the 386-bp XhoI-BamHI fragment of IS986 was used as a probe (11) . In experiments where BssHII was used as the restriction enzyme, the 1.9-kb PvuII fragment of pPH1002 was used as a probe (10, 11 direct illumination adaptor. The lanes were corrected for angle distortion, separated, and scanned for pixel density. The RFLP patterns were normalized by equating molecular weight markers between the films. The similarity value (SAB) was calculated between each pair of fingerprints on the basis of band positions alone. This was accomplished by using the following formula: k
where ai and bi, the intensities of band i in patterns A and B, were either O (not present) or 1 (present) and k was the number of bands. If the patterns for A and B were identical (all bands were in identical positions), the SAB value was 1.0. If the patterns were completely nonidentical (all major bands were in different positions), then the SAB was 0. Increasing similarity resulted in SAB values ranging from O to 1.0.
RESULTS
Copy number of the IS element and RFLP among the various species of the M. tuberculosis complex. For DNA fingerprinting, we used the restriction enzyme PvuII to cleave chromosomal DNA of the mycobacterial strains. PvuII cleaves the 1.35-kb IS986 element at a single site (13) . The 386-bp XhoI-BamHI DNA probe used for hybridization corresponds to a piece of the IS element located to the right of this PvuII site (Fig. 1) . By using this method, only half of all of the possible IS-containing restriction fragments are visualized. This greatly simplifies the often complex fingerprint patterns. We analyzed 278 M. tuberculosis complex strains, which consisted of 222 M. tuberculosis strains, 5 M. africanum strains, 24 M. bovis strains, and 27 M. bovis BCG strains. Figure 2 is a Southern blot showing the fingerprint of 21 Dutch M. tuberculosis strains, randomly chosen from a collection of a peripheral laboratory and originating from epidemiologically nonrelated cases of tuberculosis. This figure illustrates-the high degree of DNA polymorphism among these strains. In Fig. 3 , we have summarized the number of IS copies found in the various species of M. tuberculosis complex strains that were investigated. The IS copy numbers in M. tuberculosis strains varied from 1 to 19, the majority having 6 to 15 copies. Although only five M. africanum strains were investigated, all contained 15 or 16 IS copies, and, like the M. tuberculosis fingerprints, the M. africanum fingerprints were highly polymorphic. In contrast to these high copy numbers, the M. bovis isolates carried one to five IS copies and each of the M. bovis BCG strains contained only a single IS copy. Consistent with previous findings of Hermans et al. (10) , in all M. bovis BCG strains tested, the IS probe hybridized with a 1.9-kb PvuII fragment, indicating that in all M. bovis BCG strains the unique copy of the IS element is integrated into the same chromosomal region (data not shown). In contrast, fingerprints of the virulent M. bovis strains were polymorphic. Of 24 M. bovis strains, 8 contained a single IS copy, and only in 4 of these 8 strains was the IS-hybridizing part located on a 1.9-kb PvuII fragment as in M. bovis BCG (Fig. 3) .
Polymorphism of IS-flanking chromosomal regions in M. bovis strains (Fig. 5 ).
using the restriction enzyme BssHII and the 1.9-kb PvuII fragment of plasmid pPH1002 was used as a DNA probe. The probe contains not only a part of IS987, the IS sequence of M. bovis BCG, but also a chromosomal fragment bordering the IS element (Fig. 1) . In this experiment, four M. bovis strains with one IS copy and a 1.9-kb PvuII fragment hybridizing with the IS probe were used (Fig. 4, lanes 11, 12,  16 , and 20). As shown in Fig. 4 , the BssHII fingerprints of nine tested M. bovis BCG strains were identical and significantly different from the M. bovis fingerprints. In addition, the latter strains showed significant polymorphism. AIthough 7 of the 11 M. bovis strains contain a 1.9-kb PvuII fragment hybridizing with the IS probe (data not shown), the BssHII polymorphism observed among these M. bovis strains indicates that these strains are heterogeneous in the chromosomal region that flanks the 1.9-kb PvuII fragment.
Use of IS986 as a tool in the epidemiology of tuberculosis. In 1989, a significantly increased number of tuberculosis cases among homeless individuals was observed by the regional health laboratory in Amsterdam. We analyzed 17 isolates from this outbreak (Fig. 5, lanes 1 to 17) . Remarkably, 16 of these strains had identical fingerprints, suggesting a common source of infection. (Fig. 1) . Lanes Another microepidemic was identified by analysis of a pair of M. tuberculosis strains originating from two persons who had been subjected to bronchoscopy on the same day in a clinic in Belgium. In the first investigated patient, lung tuberculosis was diagnosed. The other individual developed tuberculosis about 2 months after bronchoscopy with the same instrument, and M. tuberculosis was isolated from the sputum of this patient. These patients did not meet each other in the clinic. As shown in Fig. 5 (lanes 18 and 19) , the two strains were identical, confirming the previous suspicion of infection by a noneffectively decontaminated instrument. A similar case of suspected infection by bronchoscopy in a Dutch hospital was recently confirmed by DNA fingerprinting (data not shown).
Another example of an epidemiologically related infection was observed among a set of 20 M. tuberculosis isolates, which were sent to our laboratory by a regional public health laboratory. Of 20 strains, 2 displayed identical fingerprints. These two strains originated from a married couple. The man probably contracted the disease from his wife, since she had gotten pulmonary tuberculosis about 2 months earlier than he did (data not shown).
Recently, the clinical isolates of 14 tuberculosis patients from Czechoslovakia were analyzed by DNA fingerprinting. These patients were members of four different families. As can be seen in Fig. 6 , the fingerprints of the three families A (lanes 1 and 2) were significantly less polymorphic than those of Dutch isolates, although the African strains originated from a much larger geographic area (Fig. 7) . A minority of the strains were virtually identical, and many strains showed considerable similarity. The banding patterns of such strains differed only in a few bands (e.g., Fig. 7, lanes 19 and 20) . Furthermore, the vast majority of the strains contained a number of common PvuII fragments hybridizing with the IS probe.
Computer analysis of DNA fingerprints. The fingerprints of the 21 Dutch strains and the 20 African strains shown in Fig.  2 and 7, respectively, were subjected to similarity analysis by using the Dendron software program (16) . The results presented in the dendrogram in Fig. 8 Furthermore, a rifampin-sensitive and a rifampin-resistant strain were isolated from a patient before and after drug treatment, respectively. RFLP analysis revealed that both isolates have the same DNA fingerprint (Fig. 10, lanes 8 and  9) . This indicates that this particular M. tuberculosis strain acquired rifampin resistance during drug treatment.
The stability of the IS elements in an M. tuberculosis strain during long-term infection of a patient could be studied because of the availability of five M. tuberculosis isolates from a single individual over a period of 1 (Fig. lia) , indicating that no transposition of the IS element occurred during this year of infection. Finally, we analyzed three M. tuberculosis strains from one patient, which were isolated from the lung, sputum, and urine. Ail isolates showed the same banding pattern, indicating a systemic infection with a single M. tuberculosis clone (Fig. llb) .
DISCUSSION
The use of transposable elements for typing microbial strains seems paradoxical: these elements are inherently unstable and have the potential to cause many types of rearrangements such as transposition, deletion, inversion, and duplication (7) . It is perhaps for this reason that virtually no attempts have been made to use elements for the typing of microbial strains (3, 8, 12) . However, the repetitive DNA elements in C. albicans and elements in Corynebacterium diphtheria and in M. tuberculosis have been shown to be excellent tools in the typing of strains and for use in epidemiology (2, 6, 11, 14, 15 This study supports previous observations on the host range of the element: without exception, one or more copies were found in strains belonging to species of the M. tuberculosis complex (11) . The observation that the sequences of three IS elements from independently isolated strains are virtually identical (10) 
